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Retroﬁtting  a signiﬁcant  fraction  of existing  coal-ﬁred  power  plants  is likely  to  be an  important  part  of
a  global  rollout  of carbon  capture  and  storage.  For  plants  suited  for a  retroﬁt,  the  energy  penalty  for
post-combustion  carbon  capture  can be  minimised  by effective  integration  of  the  capture  system  with
the  power  cycle.  Previous  work  on effective  integration  options  has  typically  been  focused  on  either
steam  extraction  from  the  power  cycle  with  a reduction  of the site  power  output,  or the  supply  of heat
and  electricity  to  the  capture  system  via  the  combustion  of  natural  gas,  with  little  consideration  for  the
associated  carbon  emissions.
This  article  proposes  an  advanced  integration  concept  between  the  gas  turbine,  the  existing  coal  plant
and  post-combustion  capture  processes  with  capture  of carbon  emissions  from  both  fuels.  The  exhaust
gas of  the  gas  turbine  enters  the  existing  coal  boiler  via  the  windbox  for  sequential  combustion  to  allow
capture  in  a single  dedicated  capture  plant,  with  a  lower  ﬂow rate  and  a  higher  CO2 concentration  of  the
resulting  ﬂue  gas. With  effective  integration  of  the  heat  recovery  steam  generator  with  the  boiler,  the
existing  steam  cycle  and  the carbon  capture  process,  the reference  subcritical  unit used  in this  study  can
be repowered  with  an  electricity  output  penalty  of  295 kWh/tCO2 – 5% lower  than  a conventional  steam
extraction  retroﬁt  of the  same  unit  –  and  marginal  thermal  efﬁciency  of  natural  gas  combustion  of 50%
LHV – 5%  point  higher  than  in  a conﬁguration  where  the  gas  turbine  has a dedicated  capture  unit.
© 2016  The  Author(s).  Published  by  Elsevier  Ltd.  This  is an open  access  article  under  the CC  BY  license. A novel conﬁguration for carbon capture retroﬁts of
xisting coal plants
The contribution of post-combustion capture (PCC) technology
o retroﬁt existing coal plants could play an important role in the
eployment of CO2 capture and storage (CCS) for a fast-track emis-
ion mitigation strategy (IEA, 2012). It has been shown that many
echnical and economic factors have an inﬂuence on the feasibility
f retroﬁtting capture to an existing pulverised coal power plant
Specker et al., 2009; Dillon et al., 2013; IEAGHG, 2011).
Two issues are considered to be major obstacles for retroﬁts:
he location of the plant if it results in a lack of access to viable geo-
ogical CO2 storage sites, and space restriction around the existing
ite. The latter may, for example, include lack of space for the cap-
ure and compression plant, and/or lack of space or access for the
∗ Corresponding author.
E-mail addresses: maria.srs@gmail.com, maria.srs@hotmail.com
M.  Sanchez del Rio).
ttp://dx.doi.org/10.1016/j.ijggc.2016.09.015
750-5836/© 2016 The Author(s). Published by Elsevier Ltd. This is an open access article(http://creativecommons.org/licenses/by/4.0/).
equipment associated with the integration of the Post-Combustion
Capture (PCC) Plant, e.g. if a ﬂue gas desulphurisation (FGD) unit
is required. In a context of a decarbonisation of electricity genera-
tion, these barriers may  result in either shutting down an existing
plant, and possibly building new low-carbon electricity generation
capacity instead, or reducing the load factor of the plant.
Other important considerations determine the viability of a sce-
nario where a pulverised coal plant is retroﬁtted. They include:
- Changes in revenue from electricity sales.
- Strategies for mitigating reduced power output.
- The additional investment and the associated running costs of
new plants built elsewhere in the event of a reduction in elec-
tricity output.
- New additional capacity built within the boundaries of the exist-
ing site to restore or increase the power output.
- Thermodynamic integration with the power plant system,
notably the energy requirement to provide electricity and heat
for capture and compression, and
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature
CAV Cavity
CCGT Combined cycle gas turbine
CCS Carbon capture and storage
CHP Combined heat and power
CO2 Carbon dioxide
ECO Economiser
EOP Electricity output penalty
FGD Flue gas desulphurisation
FEGT Furnace exit gas temperature
FSH Final superheater
GHG Greenhouse gases
GT Gas turbine
GTCC Gas turbine combined cycle
H2O Water
HP High pressure
HRSG Heat recovery steam generator
IP Intermedium pressure
LHV Lower heating value
LP Low pressure
MEA  Monoethanolamine
O2 Oxygen
PCC Post-combustion CO2 capture
PSH Primary superheater
RHB Reheater bank
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 The availability of water, additional cooling requirements, the
return temperature of water to the environment, and whether
air-cooling is a viable alternative option.
A widely-proposed way  to retroﬁt coal-ﬁred power plants with
CC is a conﬁguration referred, in this article, as a ‘Standard Inte-
rated Retroﬁt’ where all the electricity and heat required to
perate the capture and compression plant is supplied within the
oundaries of the existing plant, at expense of a reduction in site
ower output. In particular, thermal energy for solvent regenera-
ion is provided by steam extraction from the power cycle.
There are, however, situations where a reduction in net out-
ut with capture is not necessarily desirable, e.g in a context of
rowth of electricity demand in markets aiming for electriﬁcation
nd decarbonisation simultaneously, for plants operated in a reg-
lated environment with a nominal output, or if the alternative to
uild low-carbon make-up capacity is not practical.
In order to avoid the loss of net output of ‘Standard Integrated
etroﬁt’ options, it is possible to supply all, or a large part of, the
eat and electricity required for capture and compression with a
edicated combined heat and power (CHP) plant built within the
oundaries of the existing plant (IEAGHG, 2011; Singh et al., 2003;
omeo et al., 2008; Bashadi and Herzog, 2011). Efﬁcient opera-
ion of the CHP plant can be achieved with good thermodynamic
ntegration with the existing plant.
Gibbins et al. proposed six rules to maximise the effectiveness
f post-combustion capture systems (Gibbins et al., 2004), which
ere later updated in (Lucquiaud, 2010). Importantly, they state
hat it is advantageous to “produce as much electricity as possi-
le from the power cycle [. . .]  and from any additional fuel used”,
nd that “rejecting heat at the required temperature for solvent
egeneration” also ensures effective thermodynamic integration.
or CHP plants, this suggests the use of the highest possible power
o heat to power ratio and the lowest steam supply temperature
o the solvent reboiler, at any given regeneration temperature.
onsequently, this article discards gas ancillary boilers retroﬁts
n the basis of low thermal efﬁciency and high electricity outputGreenhouse Gas Control 58 (2017) 299–311
penalties with capture, as shown for example in (Lucquiaud and
Gibbins, 2012)
It focuses instead on the retroﬁt of exiting coal plants with Gas
Turbine (GT) CHP units. A novel conﬁguration, referred as a ‘gas
turbine windbox carbon capture retroﬁt’ is proposed where
the sequential combustion of the exhaust gas of a gas turbine in
the boiler of an existing coal plant retroﬁtted with carbon capture
allows for repowering the existing site with the gas turbine and the
combined capture of carbon emissions from the combustion of coal
and natural gas.
When hot ﬂue gas from the GT feeds the coal boiler and replaces
a portion of the combustion air from the original fans, the term
hot-windbox repowering is employed, as described in detail in (GE
Power Systems, 1994). It is an option available to existing coal
plants to increase generation capacity whilst reducing emissions.
This was  also proposed, for example, by Romeo et al. 2008 as a car-
bon abatement strategy for coal plants (Romeo et al. 2008). Unlike
in conventional repowering projects (without carbon capture), we
propose to achieve effective integration with the capture plant with
the addition of a heat recovery steam generator (HRSG) after the gas
turbine, using thermal energy in the ﬂue gas to generate steam for
power generation and heat for the capture plant. Effectively, the
gas turbine ﬂue gas enters the boiler via the windbox, a ‘gas tur-
bine windbox retroﬁt’, but at a temperature similar to an air ﬁring
case.
The article examines further the effects on boiler operation and
proposes options for effective thermodynamic integration between
the steam cycle of the existing plant, the GT, the HRSG and the PCC
plant.
Scenarios where ‘gas turbine windbox carbon capture retroﬁts’
may  be attractive to power plant owners are then proposed,
supported by a comparison with other ‘power matched’ retroﬁt
conﬁgurations where the output of the gas turbine combined heat
and power plant unit is sized speciﬁcally to compensate for the
loss of output associated with a carbon capture retroﬁt. Particular
attention is given to
-  Space around and access to the existing power cycle for steam
extraction
- The possibility for a fully integrated retroﬁt, e.g. if the plant is
built as CCS ready (also termed carbon capture ready)
- The transmission capacity of the existing site
- The integration between the existing coal plant and the gas tur-
bine cycle with a fraction, possibly all, of the thermal energy
for solvent regeneration supplied by the gas Combined Heat and
Power (CHP) plant.
- The capture of emissions from the combustion of natural gas.
- Marginal thermal efﬁciency of the natural gas combustion in the
CHP unit
- Electricity output penalty
-  The carbon intensity of electricity generation.
The latter is an important consideration in the context of decar-
bonisation of all fossil fuel use (as opposed to coal only), and notably
whether CO2 emissions from both natural gas and coal are cap-
tured, or from the latter only. We compare ‘gas turbine windbox
carbon capture retroﬁts’ with conﬁgurations where 90% of the CO2
emissions from both fuel sources are captured.
The structure of the paper is as follows: The next section of
the paper presents an overview of the reference power plant data
and the modelling methodology of the gas turbine windbox carbon
capture retroﬁt. Additional details on the modelling methodol-
ogy are provided in the Supplementary material. It then discusses
the implications of replacing a fraction of the air supplied to the
boiler of an existing plant with natural gas ﬂue gas. The following
M. Sanchez del Rio et al. / International Journal of Greenhouse Gas Control 58 (2017) 299–311 301
Table  1
Design basis of the gas turbine windbox retroﬁt.
Pulverised coal power plant
Coal plant performance speciﬁcations The coal plant conﬁguration is based on Case 9 of the “Cost and Performance Baseline for Fossil Energy Plants” report
(DOE/NETL, 2013)
The steam generator consists of a water wall furnace, a platen secondary superheater and a ﬁnal superheater in the
upper  region of the furnace and a primary superheater, reheater, and economizer in the parallel pass convection
section, as represented in Fig. 1
Design coal speciﬁcations High volatile bituminous coal, Illinois N◦6 (DOE/NETL, 2012)
Gas Turbine Combined Cycle
Gas Turbinea GT is sized to provide the electrical power required for the capture process and to cover any loss in power output to
restore the net power output of the plant. Performance characteristics are based on the PG 7251 FB General Electric
(GE)  gas turbine (GE Power Systems, 2000)
Heat Recovery Steam Generator HRSG is sized to supply HP and IP steam to the steam cycle of the retroﬁtted plant and LP saturated steam to the
stripper of the PCC plant. Design speciﬁcations:
- Pinch point temperature difference: 8 ◦C
-  Approach point temperature difference: 5 ◦C
-  Operating gas temperature at the HRSG outlet: 100 ◦C (in order to avoid corrosion problems the metal temperature
of  the heat-transfer-surfaces must be above the gas dew-point temperature)
Design Natural Gas Speciﬁcations Natural Gas speciﬁcations based on Case 13 of the “Cost and Performance Baseline for Fossil Energy Plants” report
(DOE/NETL, 2013)
Carbon Capture Plant and CO2 compression system
Carbon Capture Plant PCC plant is sized for a typical MEA  scrubbing post-combustion capture process with two absorber trains, stripper and
lean-rich heat exchanger. Boundary conditions are:
-  MEA  concentration in solution: 30%
-  Stripper pressure (1st stage): 1.8 bara
- Rich-lean heat exchanger temperature difference: 8 ◦C
-  Absorber inlet temperature: 40 ◦C
-  Reboiler temperature difference: 5 ◦C
-  Pump efﬁciency: 75%
- Blower isentropic efﬁciency: 90%
CO2 Compression System Three-stage centrifugal compressor:
-  Compression rate of 2.6 to compress the CO2 to 13 bara
-  Compressor adiabatic stage efﬁciency: 75%
-  Inter-coolers are designed to cool the CO2 to 50 ◦C
-  Propane refrigeration system
- Heat exchanger approach temperature: 5 ◦C
-  Heat exchanger minimum subcooling: 8 ◦C
- Compressor adiabatic stage efﬁciency: 75%
-  Cryogenic pump hydraulic efﬁciency of 75%
Economiser:
-  Approach temperature: 5 ◦C
a For this conceptual study, the characteristics of an off-the-shelf gas turbine are implemented, although the maximum output of 184 MW of a PG 7251 FB gas turbine is
higher  than the 127 MW required to restore the power output of the reference site (600 MW).  Because of the wide range of output and conﬁgurations of existing coal plants,
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 power-matched retroﬁt conﬁguration or, if it is possible to increase the power ou
epower  and retroﬁt two  units of the same site.
ection discusses the effective integration between the heat recov-
ry steam generator of the gas turbine and the coal plant steam
ycle. Finally, the last section provides a comparative performance
f ‘power matched’ retroﬁt options.
. A performance assessment of the gas turbine windbox
etroﬁt
.1. Design basis of the gas turbine windbox retroﬁt
Table 1 gives an overview of the basic engineering data used for
he study basis.
.2. Modelling methodology of the gas turbine windbox carbon
apture retroﬁt
Models of the boiler, the steam cycle and the ancillaries of a
ulverised coal plant and of a combined cycle gas turbine weref this article. It is worth noting that the GT could either be operated at part-load in
f the site, it could be operated at full load. Alternatively, one GT could be added to
ﬁrst developed in Mathcad and then validated by the process
simulator Aspen Plus V8. Models of the combined cycle gas tur-
bine, the CO2 capture plant and the CO2 compression system
also use the process simulator Aspen Plus V8. The following sec-
tions will present the modelling results obtained from Aspen Plus
V8.
2.2.1. Boiler modelling
The ﬁrst stage of boiler performance calculations is the rat-
ing process which sizes the geometry of the various heat transfer
equipment with the aim of matching the speciﬁcations for the
design basis with air ﬁring.
Once the surface areas of the heat exchangers are known, off-
design performance of the retroﬁtted boiler can be studied. Retroﬁt
options where gas turbine ﬂue gas is introduced to the boiler to
replace a fraction of the combustion air are examined taking into
account changes in ﬂame temperature, radiative and convective
heat transfer with the new gas composition, and the associated
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hanges in mass and energy balances to determine steam temper-
ture and ﬂow rates.
Fig. 1 illustrates the process ﬂow diagram of the subcritical
oiler.
The semi-empirical method suggested by I.E. Dubovsky (Blokh,
988) is used to assess the heat transfer in the boiler furnace.
his method estimates the furnace exit gas temperature based on
quations of radiative transfer and energy balance in the furnace
ombined with empirical data and practical experience of boiler
peration.
The heat absorbed by the furnace is computed as a fraction of the
ifference between the total heat available in the furnace and the
ensible heat of the ﬂue gas leaving the furnace section. The heat
bsorbed by the water walls, platen superheater and exit plane is
etermined based on the ratio of the effective areas of each type of
urface to the total furnace area.
Due to the wide spacing between tubes, the heat radiated by
he ﬂame to the exit plane reaches the banks of tubes located at
he top of the convection pass. An effectiveness factor is used to
etermine the amount of furnace radiation absorbed by a speciﬁc
ank based on its conﬁguration; the remainder is then sent to the
ext bank. The effectiveness factor used in this work is assumed
o be the direct view factor proposed by Hottel for the ﬁrst row of
ubes from an inﬁnite plane (Hottel and Saroﬁm, 1967).The heat transferred by direct radiation does not affect the ﬂue
as temperature drop across the mixed bank; however, it repre-
ents a fraction of heat absorbed by the steam/water inside the
ank tubes. Therefore, the total heat absorbed by the steam takesf the subcritical boiler.
into account the convection and intertube radiation and the direct
radiation from the ﬂame.
2.2.2. Feedwater heaters modelling
The feedwater heaters and condenser used in the steam cycle
of pulverised coal plants are shell-and-tube exchangers which are
generally built of a bundle of tubes mounted in a cylindrical shell
with the tube axis parallel to that of the shell. One ﬂuid ﬂows inside
the tubes and the other ﬂows across and along the tubes.
Three different zones are distinguished in the feedwater heat
exchangers: desuperheating, condensing and drain cooling zone,
and only one zone in the condenser, the condensing zone. In this
project, each zone is studied as a separate heat exchanger and heat
transfer coefﬁcients are evaluated separately.
2.2.3. Steam turbines modelling
Each turbine is represented by a series of block of expansion
stages with n + 1 expansion block of stages for a turbine with n
extractions. Steam temperature and pressure at the inlet and outlet
of each block stages is consistent with the steam cycle of the US
Department of Energy (DOE) and extraction points of the steam
turbine (DOE/NETL, 2012). By neglecting, the difference between
inlet and outlet kinetic energies, a common assumption used for
modelling non-condensing steam turbine, the isentropic efﬁciency
of every block of stages can be calculated.
The method of Stodola is used to assess the off-design operation
of the steam turbines (Cooke, 1983). It treats each block of stages as
if it were a single nozzle and this equivalence is known as Stodola’s
al of Greenhouse Gas Control 58 (2017) 299–311 303
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llipse. The swallowing capacity, K, is determined for each block of
tages at designed conditions. It is then used to predict the steam
urbines behaviour when mass ﬂow and/or pressure change.
In this work, the small stage efﬁciencies of the steam turbine are
ssumed to be the same as the designed value, since the off-design
ass ﬂow permits a normal turbine operation.
.2.4. Carbon capture plant modelling
The capture plant was validated by Sanchez Fernandez (2014)
ased on various data sets from different pilot plants (Razi et al.,
013).
RadFrac columns are selected for both the absorber and
he stripper. In the rate-based approach, actual rates of multi-
omponent mass and heat transfer as well as chemical reactions
re considered directly.
The rate based approach is based on the two-ﬁlm model. This
odel divides liquid and gas phases into two regions, the bulk
nd the ﬁlm. It assumes that all the mass transfer resistance is
oncentrated in the ﬁlms, and that the only mass transfer mecha-
ism is steady state molecular diffusion. Additionally, as the model
elected for the bulk region is the mixed option, there is no concen-
ration gradient in the bulk region due to the high level of mixing.
The mathematical model behind the rate based calculations,
eveloped in Aspen Plus®, consists of material balances, energy
alances, mass transfer, energy transfer, phase equilibrium, and
ummation equations.
The reader is referred to the Supplementary material (Appendix
1) for additional details on the modelling methodology of the gas
urbine windbox carbon capture retroﬁt.
.3. A performance assessment of the gas turbine windbox carbon
apture retroﬁt
Replacing a fraction of the air supplied to the boiler of an existing
lant with natural gas ﬂue gas has obvious implications, discussed
ext. Effective integration between the heat recovery steam gener-
tor of the gas turbine and the coal plant steam cycle is discussed
n the second part of this section.
.3.1. Boiler ﬂue gas composition
Once the heat transfer equipment of the boiler is sized to reach
he speciﬁcations of the design basis with air ﬁring, it becomes pos-
ible to examine the behaviour of the retroﬁtted boiler with a new
as composition and ﬂow rate, when a fraction of the combustion
ir is replaced by gas turbine ﬂue gas.
A fraction of the oxygen supply for combustion occurs via the
as turbine ﬂue gas with a concentration of 15% on a volume basis,
.e. signiﬁcantly lower than 21% in air. A larger amount of combus-
ion agent per kg of fuel, i.e. the combined mass ﬂow rate of ﬂue
as, primary and secondary air, is then required, compared to an
ir-ﬁring case, in order to maintain the excess oxygen level after
he combustion of coal in the air/ﬂue gas mixture. The resulting
ncrease in average gas velocity may, however, lead to the erosion
f heat exchangers banks if the plant was operated with an abrasive
igh ash content coal. In practice, the limit on gas velocity depends
able 2
oiler coal, combustion air and ﬂue gas mass ﬂow rates.
Coal ﬂow rate kg/s 
Primary air ﬂow rate kg/s 
Secondary air ﬂow rate kg/s 
Gas  turbine ﬂue gas ﬂow rate kg/s 
Total  of secondary air and gas turbine ﬂue gas ﬂow rates kg/s 
inﬁltration air ﬂow rate kg/s 
Furnace exit gas ﬂow rate kg/s Fig. 2. Change in gas ﬂow rate in boiler furnace for a range of coal feed rate.
on the amount of ash and on the proportion of abrasive constituents
in the ash. Typical limits used for boiler design are 19.8 m/s  for rel-
atively non-abrasive low ash content coals, and 13.7 m/s, or less,
for abrasive high ash content coals (Kitto and Stultz, 2005). In this
work the heat exchangers of the coal boiler were designed to reach
a maximum gas velocity of 13.7 m/s.
The coal input to the boiler has then to be reduced, as indicated
in Fig. 2, to maintain appropriate gas velocities. The increase in gas
velocity is nonetheless of the order of 7.5% (maximum gas velocity
of 14.7 m/s) in this case, compared to the design basis, and results in
an increase of fan power. The existing fans may need to be replaced
to accommodate the additional ﬂow, although this would need to
be determined on a site by site basis.
Overall, the reduction in coal ﬂow rate leads to lower heat
release rates and, consequently, to a reduction in boiler steam ﬂow
rates and steam temperature.
‘GT Windbox carbon capture retroﬁt’ may  also have an effect
on the operation of the burners. Although the primary air veloc-
ity is identical to the air ﬁring case, the secondary air velocity is
higher since a fraction is replaced by a larger portion of ﬂue gas
with lower oxygen content, as indicated in Table 2. In practice,
this would require tuning for all the burner settings, such as cone-
damper opening, swirler position, etc. in order to obtain a suitable
ﬂame shape of the ﬂame.
Fig. 3 illustrates the alteration to boiler ﬂue gas composition and
shows that the higher the gas turbine ﬂue gas ﬂow rate the lower
the CO2 concentration and the higher the H2O concentration. It is
worth noting that the oxygen concentration is kept constant by
design to maintain 3% of excess air.
2.3.2. Furnace characteristics and heat transfer
Since both water vapour and carbon dioxide absorb signiﬁcantamount of radiation at every point throughout the furnace, it is
important to account for their effect on steam production. On the
other hand, the presence of CO and SO2 can be neglected since they
Air-ﬁring Gas Turbine windbox carbon capture retroﬁt
55.9 49.7
127.6 129.2
415.4 208.2
0.0 280.7
415.4 488.9
9.6 9.6
607.2 676.2
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re weakly participating and overlap with the infrared spectrum of
2O and CO2.
In addition to the gas radiation from the products of combustion,
he presence of suspended ash particles also cause an attenuation
f the radiation due to absorption and anisotropic scattering. The
quation of the ﬂame emissivity proposed in (Basu et al., 2000) is
sed here to study the inﬂuence of CO2, H2O and solid particles in
he furnace radiation.
fl = 1 − e−k·p·s (6)
here:
afl = Flame emissivity
k = Coefﬁcient of radiant absorption in the furnace
P = Pressure of gases in the furnace
S = Mean beam length.
The combined coefﬁcient of radiation absorption, k, takes into
onsideration the contribution of these three contributions.
 = kgas·xgas + kash·wash + 10·C1·C2 (7)
here:
wash = Concentration of ﬂy ash particles in the furnace
kash = Coefﬁcient of radiant absorption due to ﬂy ash particles
xgas = Total volume concentration of tri-atomic gases
kgas = Coefﬁcient of radiant absorption due to tri-atomic gases
C1 = Constant determined by the type of fuel
C2 = Constant determined by the type of ﬁring method.
Fig. 4 shows changes in adiabatic ﬂame temperature, furnace
xit gas temperature and ﬂame emissivity with gas turbine ﬂue gas
ow rate and the associated changes in boiler ﬂue gas composition.CCS RETROFIT
Fig. 5. Effect of ﬂame radiation reduction on the total heat absorbed by the banks.
The water concentration of the ﬂue gas rises to 10% v/v, in com-
parison to 8.8% v/v for the original design of the coal plant with
air-ﬁring, as indicated in Fig. 3. This 18% relative increase modiﬁes
the heat transfer characteristics of the furnace of the boiler: ﬂame
emissivity is increased; the adiabatic ﬂame temperature, the fur-
nace exit gas temperature and the gas temperature at the inlet of
the superheater are reduced (Table 3). These effects have a wide
range of consequences on heat transfer.
A smaller difference between the adiabatic ﬂame temperature
and the furnace exit gas temperature, as shown in Fig. 4 for the
retroﬁt case, result in a decrease of the amount of heat absorbed in
the furnace.
The lower ﬂue gas temperature to the superheater would cause
a reduction in the temperature of superheated steam generated
in the boiler if the HRSG were not efﬁciently integrated to the
steam cycle to provide high pressure high temperature steam to
the existing steam cycle, as discussed in more details in Section 3.
The analysis of heat transfer in the boiler banks also reveals a
reduction in radiation and an increase in convective heat transfer.
The increase in the ﬂame emissivity and the reduction in the adi-
abatic ﬂame temperature and furnace exit gas temperature, alter
furnace heat transfer characteristics and reduce the furnace direct
radiation absorbed by heat exchangers. Additionally, the reduc-
tion in the temperature of the gas ﬂowing around the tubes of the
heat exchangers also alters the intertube radiation and reduces the
amount of heat radiated from the gas to the surface of the tubes.
Nevertheless, the ﬂue gas ﬂow rate of the boiler is increased by
10%, from 607.2 kg/s (original design of the coal plant) to 676.2 kg/s,
as noted before in Table 2, and consequently, the amount of heat
transferred by convection is also increased.
Fig. 5 shows the reduction in overall heat transfer in the furnace
walls, platen superheater, ﬁnal superheater and reheater outlet leg
due to the reduction in ﬂame and intertube radiation. The varia-
tion in the amount of heat absorbed by the different banks of the
reheater, the outlet leg, the second bank of tubes, and the ﬁrst bank
of tubes, is plotted in Fig. 6. A large fraction of the total heat trans-
fer shifts from convective heat transfer in the ﬁrst bank to radiative
heat transfer in the last bank of tubes.
As far as emissions are concerned, the reduction in coal ﬂow
rate is likely to result in lower total fuel NOx emissions, while a
reduction in thermal NOx emissions is likely with a lower adiabatic
ﬂame temperature.
To maintain output and thermal efﬁciency, it is important to
achieve high superheated and reheated steam temperatures. If they
were not maintained with the ‘gas turbine windbox retroﬁt’, this
could lead to a reduction in output of the steam turbines and to
an increase in wetness at the back end of the low pressure turbine
and increase blade tip erosion with an increase number of water
droplets.
Attemperators located between the platen superheater and the
ﬁnal superheater in Fig. 1 are used to control the steam temperature
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Table  3
Furnace characteristics.
Furnace Characteristics Air ﬁring Gas turbine windbox carbon capture retroﬁt
Adiabatic Flame Temperature K 2121 1876
Burner Zone Exit Gas Temperature K 1803 1631
Upper Furnace Exit Gas Temperature K 
Heat  absorbed by Water Walls MW 
Heat  absorbed by Platen Super Heater MW 
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Fig. 6. Total heat absorbed by reheater banks.
t the ﬁnal superheater outlet with the injection of a subcooled
iquid. Likewise, a set of dampers installed at the exit of the boiler
re used to control steam temperature at the reheater outlet by
djusting the proportion of gas ﬂow between the two  convection
aths.
. Effective integration of capture, compression and the gas
urbine system with the existing power cycle
In order to maintain the net output of the site when capture
s added, and effectively execute a ‘power matched retroﬁt’, three
mportant factors for the sizing and the conﬁguration of the gas
urbine and heat recovery steam generator are:
) Supply additional steam to the turbines of the existing plant to
compensate for the ‘partial derating’ of the boiler, caused by a
change in heat transfer characteristics.
) Supply thermal energy via low pressure to the reboiler of the
carbon capture plant
) Supply power for the CO2 compression train and ancillary equip-
ment (blowers, fans, pumps, etc.).
Unlike in conventional ‘hot-windbox’ retroﬁt conﬁguration, the
ddition of a dedicated HRSG allows these to be achieved for the
urpose of carbon capture and repowering. Effective thermody-
amic integration is achieved by appropriately sizing an unﬁred
riple pressure HRSG to supply steam for power generation to the
xisting power cycle, and low pressure steam to the reboiler of the
tripper column of the capture plant. The gas turbine supplies the
lectricity necessary to restore the power output of the site. This
ntegration maintains steam production and allows reaching ade-
uate steam temperatures in the steam cycle, as represented in
ig. 7.
.1. Gas turbine and heat recovery steam generator
It is worth noting that the range of power output of off-the-
helf open cycle gas turbines may  not necessarily exactly match
hat would be required for a ‘power matched retroﬁt’ of a large
umber of existing plants. Existing coal power stations vary widely
n output and in boiler conﬁguration, and the selection of a dedi-
ated gas turbine system would, in practice, need to be made on a
ite per site basis. Most retroﬁts tend to be unique, and this would1499 1398
323 277
155 133
certainly be the case when ‘gas turbine windbox carbon capture
retroﬁts’ are implemented. Effectively, power plant developers are
left with a range of options: if power output export capacity is
constrained by the grid, an oversized gas turbine could be oper-
ated marginally below its maximum output, otherwise, for sites
where the grid capacity allows increasing net output, it is possible
to select the output of the gas turbine beyond the size required for
a ‘power matched retroﬁt’. There is a continuum of sizes and out-
put possible, with the upper limit being determined by either the
maximum grid capacity, or by the heat supply to the capture plant
in ‘heat matched retroﬁt’ conﬁguration where all steam required
for solvent regeneration is generated in the heat recovery steam
generator.
For the reference site, the 184 MW of a PG 7251 FB General Elec-
tric gas turbine would, for example, be higher than the 127 MW
associated with capture and compression. The present paper do not
include these site speciﬁc considerations and does no evaluate the
off design behaviour of the gas turbine. The main focus is instead
on the feasibility of the retroﬁt concept with a gas turbine system
appropriately sized for the conﬁguration of the reference site.
Effective thermodynamic integration is achieved with a Heat
Recovery Steam Generator (HRSG) design speciﬁcally suited for the
existing steam cycle and the capture process:
- A High Pressure (HP) circuit in the HRSG takes boiler condensate
to generate high pressure, high temperature superheated steam
entering the HP turbine inlet and compensating for the reduction
in steam ﬂow rate of the boiler superheaters.
- An intermediate Pressure (IP) circuit takes cold reheated steam
from the outlet of the HP turbine to generate intermediate
pressure (IP) reheated steam entering the IP turbine and compen-
sating for the reduction in steam ﬂow rate of the boiler reheaters.
- A Low Pressure (LP) circuit takes boiler condensate to gener-
ate LP saturated steam matching the pressure and temperature
requirement of the solvent reboiler of the stripper column, which,
together with steam extracted from the existing steam cycle, is
used for solvent regeneration.
- The existing turbines and the HRSG effectively constitute the
combined cycle of the gas turbine, which does not have a ded-
icated ‘standalone’ combined cycle.
Unlike in conventional HRSG designs, the IP economiser, the IP
evaporator and the LP superheater typically found in a triple pres-
sure HRSG are here redundant, as illustrated in the temperature
proﬁle of the HRSG in Fig. 8.
The ﬂow rates, temperature and pressure and important design
considerations of this purposely designed HRSG are provided in
Table A3.1 of Appendix C.
3.2. Integration and operation of the steam cycle with carbon
capture
With effective integration of the HRSG, the operation of the
steam cycle remains unchanged in terms of mass ﬂow rate, pres-
sure and temperature, except for the low pressure part of the steam
cycle; in particular the low pressure turbine and low pressure feed
water heaters.
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Fig. 7. Process ﬂow diagram of a gas tu
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The integration of capture to the existing steam cycle of the
eference plant relies on well established principles, described for
xample in (Lucquiaud, 2011b, int J GHG Control): Steam is extracted for solvent regeneration from the crossover
pipe between the intermediate and low pressure turbine, reduc-
ing the steam ﬂow entering the LP turbinerbine ﬂue gas windbox retroﬁt.
- Steam extraction from the LP turbine for condensate water heat-
ing is substituted by heat recovered from the CO2 compressor
intercoolers
- A back pressure turbine, BP Turbine #1 in Fig. 9, generates 46 MW
from steam extracted for solvent regeneration. It takes 46% of
the IP turbine outlet ﬂow to the lowest pressure that satisﬁes the
operation of the solvent reboiler. The number of turbine stages
is speciﬁc to the crossover pressure of the existing plant and the
solvent regeneration temperature
- A second back pressure turbine, BP Turbine #2 in Fig. 9, recovers
34 MW from steam expanded from the crossover pressure to the
new low pressure turbine inlet pressure. It avoids the thermody-
namic losses associated with a valve system throttling the inlet of
the LP turbine to maintain the crossover pressure. Although this
is rarely proposed in the literature for carbon capture retroﬁts, it
is worth noting that an working example of the addition of a back
pressure turbine in from of the LP turbine to an existing steam
cycle is currently in use at Wilhelmshaven coal-ﬁred power plant
in Germany (E.ON Kraftwerke GmbH, 2010).
3.3. Post-combustion capture processFor the purpose of assessing effective integration strategies,
a typical post-combustion capture scrubbing process with two
absorber trains, stripper and lean-rich heat exchanger is used as
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Fig. 9. Steam Cycle of the GT ﬂue gas windbox carbon capture retroﬁt.
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t is worth noting that the integration with the power plant pro-
osed here is generic and can be easily expanded to other solvents,
y appropriately tailoring the HRSG to match the temperature of
egeneration and the thermal energy of regeneration of any given
olvent.
The absorber island is speciﬁcally sized for the gas ﬂow rates
nd CO2 concentration of the ‘gas turbine windbox carbon capture
etroﬁt’ by performing a sensitivity analysis of both absorber pack-
ng height and solvent loading on reboiler thermal duty and stripper
ressure, with the objective of minimising the reboiler thermal
uty.
For two absorber trains of 13 m diameter and a packing
eight of 17 m,  reboiler duty is minimised to 3.5 MJ/kgCO2 with
 stripper pressure of 1.8 bar, when the solvent lean loading is
round 0.25 mol/mol for a 30%wt MEA  solvent, as indicated in
igs. 10 and 11.
The sizing of absorber packing height for the ‘gas turbine wind-
ox carbon capture retroﬁt’ is illustrated in Fig. 12, where it can
e seen that, for packing height above 17 m and for values of lean
oading respectively lower and higher than 0.25 mol/mol, the rich
oading is close to the equilibrium value and further increases in
eight do not improve signiﬁcantly the reboiler duty.
Important design considerations of the optimised PCC plant are
rovided in Table A3.2 of Appendix C.Fig. 10. Optimum MEA  lean loading depending on Reboiler duty and Stripper pres-
sure  at a 407 K Reboiler Steam Temperature.
4. A comparative performance assessment of ‘power
matched’ retroﬁt optionsThe novel ‘Gas Turbine Windbox Carbon Capture Retroﬁt’ con-
ﬁguration proposed in this article compares favourably to ‘Standard
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ntegrated Retroﬁt’ options and to other ‘power matched’ options
here gas turbine power cycles are implemented for retroﬁtting,
ith post-combustion carbon dioxide capture, as well as repower-
ng existing coal plants.
For conﬁgurations with minimal integration between the coal
oiler and the gas turbine, one option to address carbon emissions
rom natural gas is to add a dedicated capture plant or, if efﬁcient
ixing of large gas volumes can be achieved, to treat the ﬂue gas
f the coal boiler and of the gas turbine in the same capture plant.
he process ﬂow diagram of this type of power matched retroﬁt is
epresented in Fig. 14. It consists of a CCGT where the HRSG is a
riple pressure system and the steam cycle comprises a High Pres-
ure and an Intermediate Pressure turbine, but not a Low Pressure
urbine, and the IP steam turbine exits into the solvent reboiler
nd, supplemented by saturated steam generated in the low pres-
ure part of the HRSG, supplies a fraction of the thermal energy
or solvent regeneration. Steam is also withdrawn from the IP/LP
rossover pipe of the existing steam plant.
Table 4 compares the high capture level ‘power matched’ retroﬁt
ptions analysed in this article and, for completeness, with a ‘Stan-
ard Integrated Retroﬁt’ conﬁguration, illustrated in Fig. 13. The
ain metric used are the electricity output penalty of capture and
ompression (kWh/t CO2) and the marginal thermal efﬁciency of
atural gas (% LHV). They are rigorously described in Appendix B.
It is worth keeping that the outcome of this scoping study are
bviously, to a certain extent, predicted by the choice of the ref-
rence coal plant and the solvent selected for capture. The size ofGreenhouse Gas Control 58 (2017) 299–311
the gas turbine and the HRSG effectively depends on a range of fac-
tors: coal composition, steam cycle conﬁguration, solvent energy of
regeneration etc. The general trends are, however, robust for useful
conclusions to be drawn.
For all the gas turbine power cycle retroﬁts of Table 4, the natural
gas caloriﬁc value is utilised as effectively as practically possible, as
suggested in the rules for thermodynamic integration of the PCC
plant with the power cycle (Gibbins et al., 2004; Lucquiaud, 2010),
to produce power in the gas turbine and high temperature high
pressure steam to generate extra power in the steam turbines of the
combined cycle. The high natural gas marginal efﬁciency indicates
a very effective use of the natural gas, an important fraction of the
caloriﬁc value of the natural gas is recovered as power.
4.1. Standard integrated retroﬁt
For consistency, the ‘Standard Integrated Retroﬁt’ conﬁguration
with steam extraction supplying all of the thermal energy required
for solvent regeneration follows the same integration principles
as the steam cycle of the ‘Gas Turbine Windbox Carbon Capture
Retroﬁt’. The addition of two  back pressure turbine ensures that the
best possible scenario for thermodynamic integration is achieved
and that the electricity output penalty is close to that of a retroﬁtted
carbon capture ready plant. The electricity output of the retro-ﬁtted
site is reduced by 20% and the thermal efﬁciency drops by 8% points.
It is important to note that this level of integration may  not nec-
essarily be always achievable if general access, extraction from the
existing turbines or space is a limiting factor.
4.2. Gas turbine windbox carbon capture retroﬁt
The effective thermodynamic integration of the novel retroﬁt
conﬁguration reaches the lowest electricity output penalty and
the highest marginal thermal efﬁciency of natural gas combustion,
since:
- The lower gas ﬂow rate entering the capture plant, compared
to other gas turbine power matched retroﬁts, results in a lower
power consumption of the ﬂue gas blowers.
- The HP and IP steam generated by the HRSG is fed to existing
Rankine cycle, which beneﬁts from feedwater heating from the
compressor intercoolers, unlike the combined cycle of conven-
tional conﬁgurations.
- Lower irreversibilities in the HRSG: the heat addition for steam
generation from the gas turbine exhaust gas is more reversible
than in a standard HRSG, since the dedicated HRSG has no IP
evaporator, as shown in the pinch diagram of Fig. 8.
4.3. Gas turbine power matched retroﬁts
The two speciﬁc retroﬁt conﬁgurations include a conﬁguration
with two capture units, one for coal ﬂue gas and one for gas ﬂue gas,
and a conﬁguration where both ﬂue gas are mixed and treated in
a single capture unit. The way  the carbon generated by natural gas
combustion is abated has an impact on performance, since the elec-
tricity output penalty of a CCGT with post-combustion capture is
signiﬁcantly higher, at 430 kWh/tCO2, than for coal. This is mostly
due to the lower ﬂue gas CO2 concentration and the fan power
associated with a high ﬂow rate of the exhaust gas. The counter-
factual plant in Table 4 does not use the best in class gas turbine
available, 60–61% LHV thermal efﬁciency at the time of writing,
but, for consistency, the off the shelf gas turbine (PG 7251 FB) used
for a windbox retroﬁt of the reference coal plant, with a thermal
efﬁciency of 53.6%, due to its smaller size. As noted earlier, the
thermal efﬁciency is independent of the electricity output penalty
(Lucquiaud and Gibbins, 2011a,b)
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Table  4
A comparative performance assessment of gas turbine power cycles for repowering existing coal plants and retroﬁtting with post-combustion capture.
Existing coal
plant w/o capture
Standard
Integrated Retroﬁt
GT Windbox Carbon
Capture Retroﬁt
CCGT Power
Matched Retroﬁt
CCGT Power Matched
Retroﬁt (mixing ﬂue gases)
Counter- factual
CCGT
Coal thermal input (MWth) 1517.9 1517.9 1348.6 1517.9 1517.9 0.0
Gas  thermal input (MWth) 0.0 – 358.4 269.6 265.3 1290.1
Net  Power output (MWe)  600.3 473.9 600.3 600.3 600.3 600.3
Carbon intensity of electricity
generation (gCO2/kWh)
765.3 96.9 79.5 84.7 84.6 39.2
Thermal efﬁciency (% LHV) 39.5 31.2 35.2 33.6 33.7 46.5
Carbon capture rate from coal
combustion (w/w)
– 0.9 0.9 0.9 0.9 0.9
Combined carbon capture rate (w/w) – N/A 0.9 0.9 0.9 N/A
Total  gas ﬂow rate (kg/s) 632.8 632.8 697.9 851.0 847.5 1044.2
Gas  ﬂow rate to coal capture unit (kg/s) – 632.8 697.9 632.8 847.5 –
Gas  ﬂow rate to gas turbine capture
unit (kg/s)
– – – 218.2 – 1044.2
Flue  gas CO2 concentration from coal
combustion (v/v)
0.14 0.14 0.13 0.14 0.11 –
Flue  gas CO2 concentration from gas
combustion (v/v)
– – – 0.04 – 0.04
Solvent energy of regeneration – coal
(GJ/t CO2)
– 3.49 3.49 3.49 3.51
solvent energy of regeneration – gas
(GJ/t CO2)
– – – 4.0 – 4.1
CO2 compression power (kWh/t CO2) – 111.0 111.0 111.0 111.0 111.0
Electricity output penalty (kWh/t CO2) – 305.8 291.5 315.8 311.3 431.2
Gas  Turbine Combined cycle thermal
efﬁciency, if without capture (% LHV)
– – 53.6 53.6 53.6 53.6
Marginal thermal efﬁciency of
additional gas combustion (% LHV)
– – 50.0 46.9 47.7 N/A
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tig. 13. Process ﬂow diagram of the Standard Integrated Retroﬁt conﬁguration wi
nd  power requirements from the main generator.
For gas turbine power matched retroﬁts with limited integra-
ion, i.e. no sequential combustion of the gas turbine exhaust gas in
he coal boiler, there is an detrimental effect on reboiler duty since
he CO2 concentration of ‘Gas Turbine Windbox Carbon Capture
etroﬁt’ is closer to that of coal plant, as opposed to capturing from
wo streams at respectively 13.6% v/v and 4.0% v/v. The other impor-
ant factor is the ancillary power for the ﬂue gas blower, which ism extraction from the main steam cycle providing all of the heat for CO2 capture
proportionally higher per unit of CO2 captured for natural gas ﬂue
gas than for coal.5. Summary of ﬁndings and conclusions
Sequential combustion of the exhaust gas of a gas turbine
via the windbox of the boiler of an existing coal plant allows
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upplied from both the combined cycle gas turbine and the main steam cycle.
epowering and facilitates post-combustion capture of carbon
missions from both fuels. In addition, the necessary reduction by
0% of coal ﬂow rate combined with the effective integration of the
eat recovery steam generator with the existing steam cycle and
he capture process presents several advantageous features:
 Number and sizing of absorber columns
The resulting ﬂue gas can be treated in the same post-
ombustion capture plant. If an equivalent power output and
arbon intensity of electricity generation were to be achieved with
 retroﬁt with an additional gas turbine, this would require cap-
uring carbon from the gas turbine in a dedicated capture plant,
ith a much higher ﬂue gas ﬂow rate and more absorber columns.
f the ﬂue gas of gas turbine and a coal boiler were to be treated
n the same capture plant, stratiﬁcation issues may  occur in the
bsorber, since efﬁcient mixing of large volumes of low tempera-
ure gas with different composition is difﬁcult to achieve. Corrosion
ay  also occur because of condensation of acid ﬂue gases, when
ue gas from both fuel sources are mixed. The temperature of the
ixture may  drop below the dew point and sulphuric acid may
ondense as small fog droplets and on the ﬂy ash particles.
 Effective integration with the existing power cycle
Since the heat recovery steam generator supplies steam directly
o the existing steam cycle, the gas turbine does not have a ded-
cated combined cycle. The existing steam turbines effectively
perate as the combined cycle of the CCGT and without being der-
ted.
It is also important to note that, although it has not been studied
n extensive details here, an array of possible off-the-shelf gas tur-
ine sizes can complement most existing plants, and, if desirable,
chieve a varying degrees of repowering.
A lower electricity output penalty and a higher marginal efﬁ-
iency of the combustion of additional natural gas can be achievedined cycle gas turbine. The heat for CO2 capture and the power requirements are
compared to other gas turbine power cycle retroﬁt options, and to
integrated steam extraction retroﬁts.
- Associated capital cost savings
The absence of a dedicated combined cycle for the gas tur-
bine result in capital cost savings, compared to alternative ‘power
matched’ retroﬁt options. Likewise, the reduction in total volume
of CO2 to be treated in the carbon capture plant, compared to other
retroﬁt options at equivalent output and carbon intensity of elec-
tricity generation is associated with large capital cost savings.
- Energy penalty of solvent regeneration
Lower energy requirements of the post-combustion capture
process, compared to options at equivalent output and carbon
intensity, are also beneﬁcial. The speciﬁc reboiler duty is close to
that of a coal unit since the CO2 concentration at the inlet of the
absorber at 0.13 v/v is comparable to the concentration of 0.14 v/v
of the coal plant with air-ﬁring and since the additional irreversibil-
ities of scrubbing ﬂue gas at 0.04 v/v directly from a gas turbine are
avoided.
- Other operational issues
Most of the issues associated with hot-windbox repowering, i.e.
erosion problems, are avoided with a ‘gas turbine windbox carbon
capture retroﬁt’ since the increase in the overall boiler gas ﬂow rate
is somehow limited to 10%.
Implications for other combustion pollutants than carbon diox-
ide are a reduction in thermal and fuel NOx emissions due to a lower
ﬂame temperature and a reduced coal ﬂow rate. SOx emissions are
expected to decrease as well.
Solvent degradation is expected to be improved, compared to
options with a capture unit dedicated to a gas turbine. A lower O2
concentration at the inlet of the carbon capture plant of 3,2% v/v,
in comparison to 12.5% v/v at the exhaust gas of the turbine or
5.6% v/v if ﬂue gas from coal and gas are mixed, would result in
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Specker, S., Phillips, J., Dillon, D., 2009. The potential growing role of
post-combustion CO2 capture retroﬁts in early commercial applications of CCS
to coal-ﬁred power plants. In: MIT  Coal Retroﬁt Symposium, Bostom, USA,
Available at: https://mitei.mit.edu/system/ﬁles/specker-retroﬁts.pdf (accessed
07.11.14.).M. Sanchez del Rio et al. / International Journ
ower operating costs for solvent replacement and lower corrosion
f carbon steel equipment.
 Repowering existing coal plants built with CCS
Repowering existing coal plants with CCS makes the ‘GT wind-
ox carbon capture retroﬁt’ a promising alternative for adapting
ntegrated capture retroﬁts that are initially designed for operation
ith zero to ∼90% capture (as at the Boundary Dam 3 unit) for sub-
equent operation only with full capture. In this case the addition of
 GT ﬂue gas windbox retroﬁt will restore the full power output of
he site with full CO2 capture and using the original capture plant.
 Considerations for future work and conclusions
This work shows that ‘GT windbox carbon capture retroﬁt’ can
e a viable option for repowering and retroﬁtting coal plants with
ost-combustion capture. A case study of a subcritical boiler unit
as not identiﬁed any major technical barriers. Although existing
oal power stations vary widely in output and in boiler conﬁgura-
ion, it is possible to widen the conclusions of this study to generic
onclusions to existing coal plants.
One important consideration to assess the potential for deploy-
ent is coal to gas price ratio. It is obvious that ‘GT windbox carbon
apture retroﬁt’ are likely to be compare favourably to other coal
lant retroﬁt options in regions of affordable natural gas prices,
.g. in North America at the time of writing, since a retroﬁtted
nit would consume proportionally a larger amount of natural gas
er unit of low carbon electricity compared to other gas turbine
ower cycle retroﬁt options. Site speciﬁc factors will ultimately
ominate the effect on capital costs and determine what series of
xisting plants may  beneﬁt greatly ‘gas turbine windbox carbon
apture retroﬁt’, notably with respect to any modiﬁcations of the
ase power plants, e.g. heat transfer area in the boiler. Further work
s now required to assess the full implications on the cost of abate-
ent and the cost of low carbon electricity generation and include
elevant site speciﬁc parameters, such as the remaining life of exist-
ng coal power generation asset, coal to gas price ratio, load factors,
tc.
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